Introduction
A large microbial community inhabits the human intestinal tract and influences the physical conditions and nutrient uptake of its human host (Hu et al., 2013) . These gut bacteria have co-evolved to maintain human homeostasis and played a crucial role in a multitude of life activities to keep hosts healthy (Stappenbeck et al., 2002; Backhed et al., 2005; Walter and Ley, 2011; Benezra et al., 2012) . Therefore, the White House Office of Science and Technology Policy, in collaboration with Federal agencies and private-sector stakeholders, launched the US$121-million National Microbiome Initiative (NMI) on May 13, 2016 (https://www.whitehouse.gov/blog/2016/05/13/announcingnational-microbiome-initiative) to advance development in health care applications. However, the human gut microbiota is also considered to be a reservoir for antibiotic resistance genes (ARGs), which have posed tremendous threats to public health during the last few decades (Laxminarayan et al., 2013) . The collection of all antibiotic resistance genes in microorganisms is known as the antibiotic resistome (Wright, 2007) . Diverse ARGs have been detected in the human gut microbiotas of residents from industrialized, low-income and remote areas from different regions of the world (Salyers et al., 2004; Bartoloni et al., 2009; Sommer et al., 2009; Forslund et al., 2014; Pehrsson et al., 2016) . The rapid development and dissemination of ARGs has resulted from antibiotic abuse and misuse to a large extent, and the bacteria carrying out antibiotic resistance can persist in the human gut for years even after short-term antibiotic intake (Hu et al., 2013; Clemente et al., 2015) . In addition, it is also widely accepted that horizontal gene transfer (HGT) has greatly contributed to the spread of the ARGs among bacteria (Goossens et al., 2005; D'Costa et al., 2011) .
Thus far, different methods have been used to characterize ARGs in environmental and human gut microbiomes, including antibiotic resistant bacterial strain isolation, specific primer-based PCR, high-throughput qPCR, microarray analysis, functional metagenomic library construction and whole-genome sequencing analysis. These approaches have led to the characterization of a number of ARGs (Florez et al., 2006; Seville et al., 2009; Forslund et al., 2013; Hu et al., 2013; Forsberg et al., 2014; Forslund et al., 2014; Pehrsson et al., 2016) and have further enhanced our consensus that the human gut microbiome is a reservoir of ARGs. Currently, highthroughput sequencing-based metagenomic analysis has been widely used in ARG surveys and comparative resistome studies due to its high efficiency, excellent performance and primer-independence (Li et al., 2015; Yang et al., 2016) . To date, several ARGs reference databases, including the Antibiotic Resistance Gene Online (ARGO) database (Scaria et al., 2005) , the Antibiotic Resistance Genes Database (ARDB) (Liu and Pop, 2009) , the Comprehensive Antibiotic Resistance Database (CARD) (McArthur et al., 2013) , ResFinder (Zankari et al., 2012) and ARG-ANNOT (Gupta et al., 2014) have been developed to aid researchers to investigate the ARGs of interest. Recently, the structured ARG reference database (SARG), which has a hierarchical structure (type-subtypereference sequence), has been constructed by integrating ARDB and CARD, the two most commonly used databases. SARG is advantageous because it incorporates several crucial improvements over previous databases, including the removal of redundant sequences and the optimization of query sequence identification by similarity . Utilizing SARG in conjunction with a previously proposed hybrid functional gene annotation approach, an online analysis pipeline was developed for the fast annotation and classification of ARG-like sequences from metagenomic data .
In the last decade, ARGs in the fecal microbial communities of both adult and children from different parts of the world have been studied. The ARGs identified in bacteria isolated from fecal samples of individuals in the United States were identical to the known ARGs found in human pathogens, while the ARGs detected via metagenomic analysis were novel or distantly related to known ARGs (Sommer et al., 2009) . A metagenomic study that investigated human fecal samples from individuals in an isolated Yanomami Amerindian village found that functional ARGs conferring resistance to synthetic antibiotics were present and were syntenic with mobile genetic elements (MGEs), despite the fact that these individuals had never been exposed to synthetic antibiotics. This finding implies that ARGs appear to be a feature of the human microbiome even in the absence of exposure to commercial antibiotics (Clemente et al., 2015) . Another resistome study investigating the ARG profiles in the primitive Hadza Hunter-Gatherer populations also found a similar result, that is, ARGs might be an innate feature of the human gut microbiota while the extensive antibiotic usage in human medicine promotes the acquisition, evolution and spread of resistome (Rampelli et al., 2015) . Human gut metagenomic datasets of Danish, Spanish and Chinese individuals were analyzed for ARG identification by BLAST searching against the ARDB database and a comparison of the resistomes among these three countries was conducted (Hu et al., 2013) . Antibiotic consumption is considered to be the major reason underlying the emergence of antibiotic resistance, and differences in the antibiotic resistomes of individuals in these three countries could be attributed to the differential selective pressures of antibiotics. Clinically relevant ARGs were also characterized in the infant gut, and the ARGs harboured by babies were distinct from those of their mothers (Moore et al., 2013; . This study also emphasized the importance of familyspecific shared environmental factors that shape resistome development (Moore et al., 2015) . Recently, a study focusing on low-income human habitats found that bacterial phylogeny generally structured the resistome across several habitats along ecological gradients and ARGs were significantly associated with MGEs (Pehrsson et al., 2016) .
We collected 180 fecal metagenome datasets from healthy individuals from 11 different countries in Europe, Asia, North America and Latin America, covering industrialized, low-income and remote society types (Karlsson et al., 2013; Franzosa et al., 2014; Qin et al., 2014; Zeller et al., 2014; Feng et al., 2015; Nishijima et al., 2016; Pehrsson et al., 2016; Raymond et al., 2016) , to carry out ARG profile analysis. This investigation will assist us in obtaining a comprehensive antibiotic resistome catalog of healthy populations worldwide and will provide a useful reference for future ARGs studies on the global surveillance and risk management of ARGs in humans. Additionally, this study may offer potential advice for management decisions regarding the control of antibiotic use. Resistome analysis of healthy individuals could reflect the reference levels of resistomes in their respective countries since patients who took prescribed antibiotics showed much higher ARG abundances in the gut (Hu et al., 2013) . In this study, we utilized the well-structured and more comprehensive SARG database to characterize the ARG profiles and resistance mechanism categories. With database expansion via the integration of ARDB and CARD, SARG comprises of 24 ARG types, 1209 subtypes and 4246 reference sequences and provides a substantially more comprehensive resistome catalog for human gut microbiota. This resistome catalog could reflect comprehensive ARG profiles and thus enable resistome comparisons among individuals from different countries with less bias. Moreover, we also assessed whether the antibiotic resistome was structured by bacterial phylogeny using Procrustes analysis and identified the potential ARG hosts via network analysis.
Results and discussion
The abundance and diversity of antibiotic resistomes in human gut microbiotas Fig. 1A , the total ARG abundances in China were significantly higher than those in the other countries (Mann-Whitney test, P value < 0.05; Supporting Information Table S3 ; Germany and Iceland were excluded due to their small sample sizes). This finding was consistent with a previous study that utilized the ARDB as a reference database and found that Chinese people harbour the highest abundances of ARGs compared with Spanish and Danish individuals (Hu et al., 2013) . In the present study, an integrated database of ARDB and CARD, that is, SARG, was used to conduct the ARG search. As mentioned previously, SARG comprises 24 ARG types and 1209 subtypes and is capable of providing a more comprehensive resistome catalog for the human gut microbiota than ARDB and CARD. The comprehensive resistome catalog enabled by SARG provides a more accurate representation of ARG profiles and allows comparisons of the resistomes among individuals from different countries with less bias. We found that even with the more comprehensive ARG profiles and more diverse survey countries, the total ARG abundances in Chinese individuals were still the highest. This result further confirmed the severe emergence of ARGs in Chinese populations. While antibiotic resistance is an ancient phenomenon, antibiotic consumption is the main reason for emerging resistance as well as for increases in the acquisition, development and spread of the resistome (Wright, 2007; Forslund et al., 2013) . The differences in antibiotic resistance among populations from these 11 countries may be attributed to the differential selective pressures of antibiotics (Bronzwaer et al., 2002) . The overuse or abuse of antibiotics is very severe in China. Approximately 75% of patients with seasonal influenza are prescribed antibiotics (Heddini et al., 2009) . Moreover, the growth rate of antibiotic resistance in China was found to be more rapid than that in the United States and Kuwait (Zhang et al., 2006) . These elements may partially explain why Chinese people harbour the highest abundances of ARGs in their guts; however, the detailed mechanisms of ARG acquisition and transmission of still remain unknown.
ARG abundances in rural Salvadoran populations (Latin Americans) were significantly higher than those in North Americans (Mann-Whitney test, P value 5 0.005 for Canada and P value 5 0.042 for United States, Supporting Information Table S3 ), while ARG abundances in people living in peri-urban industrializing areas of Peru (the other Latin American country examined in this study) showed no differences compared to North Americans. These findings indicated that people in less-industrialized and low-income countries harboured at least as much or more antibiotic resistance genes as people in western industrialized countries (Pehrsson et al., 2016) . In terms of the ARG abundances for populations in western industrialized countries, there were no significant differences among Japanese, European and North American people, except for French individuals. In addition to the effect of differential antibiotic selective pressures, the gut microbiota composition could also structure the antibiotic resistome (Forsberg et al., 2014) ; this will be discussed in the Subsection 'Cooccurrence pattern of ARG subtypes and microbial taxa'.
In total, 20 of the 24 ARG types in the SARG database were detected in at least one of the 180 samples (Fig.  1B) . Aminoglycoside, bacitracin, macrolide-lincosamidestreptogramin (MLS), multidrug, tetracycline and vancomycin resistance genes existed in every individual's gut, while bleomycin, fusaric-acid and carbomycin resistance were only harboured by three Chinese, three Chinese and six European and North American individuals, respectively. Supporting Information Fig. S1 displayed the average abundances of each ARG type in each country. To obtain a clear profile of the ARG type abundance composition, the average abundances of each type were calculated for each country and the sums of the average values in each country were normalized to 100% (Supporting Information Fig. S2 ). Tetracycline resistance genes were the most abundant ARGs in all the populations from eleven countries; their abundances in North Americans and Germans accounted for more than 50% of the total abundance (Fig. 1C and Supporting Information Figs S1 and S2) . The overrepresentation of tetracycline resistance genes is due to them being more abundant in the total content rather than the absence of other ARGs, which increases the ratio of tetracycline resistance genes indirectly. In addition to the tetracycline resistance genes, the multidrug, MLS, bacitracin, vancomycin, beta-lactam and aminoglycoside resistance genes were also very abundant in the human gut (Fig. 1C) . As shown in Supporting Information Figs S1 and S2, MLS was the second most abundant ARG in both the Chinese and Japanese individuals, while the abundance of the multidrug resistance type ranked second in populations from Austria, Sweden, Peru and Salvador. Our results indicated that tetracycline, MLS and multidrug resistance types were of high ratios in the human gut. These types were also abundant in environmental samples and animal feces (Li et al., 2015) , further indicating that ARGs spread between humans and their surrounding environments (Allen et al., 2010; Forsberg et al., 2012; Pehrsson et al., 2016) .
The strong dominance of tetracycline resistance genes in the human gut has been reported in previous studies as well (Hu et al., 2013; Pal et al., 2016) , which found that tetracycline resistance genes accounted for approximately 30%-70% of all ARGs in the guts of Danish, Spanish, Chinese and American individuals. Conclusions could be made according to the above results that tetracycline resistance genes are ubiquitous and abundant in the human gut worldwide. However, tetracyclines have been prudently prescribed to treat human disease via oral administration since the 1980s, and the World Health Organization also downgraded its relative importance in human medicine from 'critically important' to 'highly important' (http://apps.who.int/iris/handle/ 10665/68357) (Collignon et al., 2016) . In 2013, human tetracycline consumption, including oral administration and external use, accounted for 10% of the total human antibiotics used in China . Moreover, only 36 ARG subtypes belong to the tetracycline resistance type in the SARG database, much fewer than those belonging to beta-lactam resistance type (887) or multidrug resistance type (82). Usually, more reference ARG subtypes in a database imply more chances for retrieval of ARGs from datasets. Therefore, the high abundance of tetracycline resistance genes seems inconsistent with the low tetracycline consumption (i.e., low antibiotic selection pressure) and fewer subtype numbers in the SARG database. The reasons leading to the strong dominance of tetracycline resistance genes in human gut might be as follows. First, depending on the host bacterium, tetracycline resistance genes could have other functions (signal tracking or hydrophobic protein transport) that are not directly related to antibiotic resistance, which could contribute to their dominant abundance in human guts (Martinez, 2008; Dantas and Sommer, 2012) . On the other hand, tetracycline resistance genes are also an intrinsic and ancient phenomenon for some microorganisms, which was verified by the occurrence of diverse genes encoding tetracycline resistance in Beringian permafrost formed 30 000 years ago, far before modern clinical antibiotic use (D'Costa et al., 2011) . Moreover, co-selection is another possible explanation for the dominant abundance of tetracycline resistance (Zhu et al., 2013; Lloyd et al., 2016) . Heavy metals were reported to be a recalcitrant selective pressure that contributed to the maintenance and spread of ARGs (Baker-Austin et al., 2006) . A metal and antibiotic resistance co-selection mechanism was also verified in another study in the mummichog gastrointestinal tract (Lloyd et al., 2016) . Considering that humans inevitably take metal-based drugs and ingest metal-contaminated foods (rice, vegetables, seafood, etc.) (Hambley, 2007; Velusamy et al., 2014; Zaza et al., 2015; Kwon et al., 2017) , tetracycline resistance genes might be co-selected with these food-borne or drug-borne metals. However, more in-depth analyses are needed to definitely clarify why the tetracycline resistance genes were of such high abundance.
Another observation that warrants further study is the widespread of vancomycin resistance genes. Vancomycin has been prudently prescribed during the past several decades due to its important role as the last line of defense against gram-positive bacteria such as Streptococcus pneumoniae and Enterococcus, some strains of which are resistant to most other antibiotics (Jovetic et al., 2010) . However, vancomycin resistance was present in all 180 samples with high abundance (Fig. 1B and C) . Additionally, we compared the ubiquitous vancomycin resistance genes in the present study with the clinically relevant vancomycin resistance genes identified in the referenced Streptococcus (vanR, vanS, vanH, vanA, vanX and vanY) and Enterococcus strains (vanA, vanB, vanD, vanG and vanE) (Courvalin, 2006; P erichon and Courvalin, 2009) . Among the ten ubiquitous vancomycin resistance genes reported in this study (Fig. 3) , seven genes, that is, vanA, vanB, vanD, vanG, vanR, vanS and vanY were carried by the referenced Streptococcus and Enterococcus strains. Therefore, there are high similarities between the vancomycin resistance genes carried in the human gut microorganisms of healthy individuals and the clinically relevant vancomycin resistance genes identified in the referenced Streptococcus/Enterococcus strains. We speculate that the vancomycin resistance observed here might not be the result of the vancomycin selective pressure. Instead, this resistance appeared to be an intrinsic feature of the human gut microbial communities, which was further confirmed by the finding that diverse genes encoding resistance to vancomycin were identified from 30 000-year-old Beringian permafrost sediments (D'Costa et al., 2011) . Otherwise, similar to tetracycline, vancomycin resistance genes might have other functions unrelated to vancomycin resistance, or horizontal gene transfer might be responsible for the ubiquitous vancomycin resistance.
Similarity analysis of ARG profiles in the 180 human gut samples NMDS analysis was adopted to evaluate the similarities of the ARG subtype compositions among the 180 human gut samples (Fig. 2) . In general, samples from the same country grouped more closely with a few exceptions. Canada, United States, Sweden and Japan clustered together tightly, while other countries had a relatively more dispersed distribution. Additionally, China was distinct from Austria, Germany, Iceland, Sweden and Peru along NMDS2. The shared and discriminative ARGs subtypes leading to the above similarities and differences among countries will be discussed in the following subsections. 
Ubiquitous ARG subtypes among the countries
In total, 507 of 1209 ARG subtypes in the SARG database were detected in at least one of the 180 samples. The abundances of the different subtypes in the 180 samples varied greatly, from 7.12 3 10 27 (multidrug-oprC, in a Canadian sample) to 2.72 3 10 21 copy of ARG/copy of 16S-rRNA gene (tetQ, in a Chinese sample). The top five most abundant ARG subtypes in each sample were extracted. In total, 217 subtypes were obtained to illustrate the subtypes with high abundances in all the samples (Supporting Information Fig. S3 ). The ARG subtypes present in at least 60% of the 180 fecal samples were defined as the ubiquitous ARGs. These ubiquitous ARG genes account for 63.5-99.9% (94.3% 6 7.7%, average 6 standard deviation) of the total ARG abundance. As shown in Fig. 3 , 40 of the 104 ubiquitous ARG subtypes belong to the multidrug resistance type, followed by 12 tetracycline, 10 MLS and 10 vancomycin resistance genes. Among these 104 ubiquitous ARG subtypes, eight subtypes, including one aminoglycoside resistance gene (aadE), one bacitracin resistance gene (bacA), two multidrug resistance genes (acrB and multidrug ABC transporter), two tetracycline resistance genes (tetM and tetW) and two vancomycin resistance genes (vanR and vanS) were shared by all 180 samples (marked with red pentagrams in Fig. 3 ), indicating their universal occurrence in human guts. Interestingly, the ubiquitous subtypes appeared in almost all of the Chinese samples, while they were of low abundance or absent in nearly half of the Japanese samples.
Common ARGs in this study corroborate in part the results from previous studies. tetW and bacA were the top ten most abundant resistance genes in Chinese, Danish and Spanish populations (Hu et al., 2013) . A set of microarray analyses investigating the distribution of tetracycline resistance genes indicated that both tetW and tetM were the most prevalent genes in feces of healthy volunteers from six European countries (England, Finland, France, Italy, Norway and Scotland) (Florez et al., 2006) , which matched well with our results in the present study. The bacitracin resistance gene, bacA has recently been renamed UppP corresponding to an undecaprenyl pyrophosphate phosphatase (El Ghachi et al., 2004) . The abundance of this gene was nearly the same among the different populations in this study (0.0185 6 0.0089 copy of ARG/copy of 16S-RNA gene), and its homologues can be found in 153 genera (ARDB, http://ardb.cbcb.umd.edu/cgi/ search.cgi?db5T&and05O&submit5Search&term5bacA& field5af&), implying that bacA might be intrinsic in bacteria. Moreover, the ubiquitously abundant genes detected in this study, ermB and cfxA, were also among the top ten most abundant subtypes in Chinese, Danish and Spanish human gut metagenomes (Hu et al., 2013) .
Discriminative ARGs between Chinese and other populations
Since Chinese individuals harboured significantly higher ARG abundances compared with individuals from other countries, and they were separated from each other based on ARG compositions (Figs 1 and 2) , the discriminatory ARGs between the human fecal microbiotas of Chinese people and individuals from other countries were assessed by LEfSe and false discovery rate (FDR) correction analyses (Supporting Information Table S4 ). The discriminative ARGs were differentially coloured for the different countries (Fig. 4 and Supporting Information Fig. S4 ). Compared with Chinese individuals, the MLS and ermF resistance genes were the discriminative ARG type and subtype for all of the other populations, respectively. tetW was a discriminative ARG subtype for all of the other populations except for French individuals, while tetQ could distinguish Chinese from Europeans (Swedish, Austrian and French), Canadians, Japanese and Peruvian populations. In addition, vancomycin resistance genes displayed uniqueness in populations from Austria, Sweden, Japan and the United States, respectively. We should note that the 'discriminative ARGs' could also be defined as 'representative ARGs' for the people in one country if their abundances were significantly higher in the corresponding population. As shown in Fig. 4 and Supporting Information Fig. S4 , one ARG type (i.e., MLS) and one subtype (i.e., ermF) were representatives ARGs for Chinese individuals, indicating that they were more abundant in the Chinese population compared to the other populations. 
Distribution of ARG resistance mechanism categories in different countries
Among the 507 ARG subtypes detected in this study, 486 subtypes were classified into five mechanism categories based on the CARD database, including 312 subtypes belonging to antibiotic inactivation, 110 subtypes to antibiotic efflux, 36 subtypes to antibiotic target alteration, 16 to antibiotic target replacement and 12 to antibiotic target protection (Supporting Information Table S5 ). The unclassified 21 subtypes were named 'others' in the present study. As shown in Supporting Information Fig. S5 , antibiotic inactivation, antibiotic target alteration and antibiotic efflux were the dominant resistance mechanism categories in all of the populations, not only in terms of subtype numbers but also by ARG abundances. Notably, all six ARG mechanism categories were present in the populations from the 11 different countries except for Germany, which did not contain the category of 'antibiotic target replacement'. Therefore, the overrepresentation of some specific ARG mechanism categories is based on these genes being more abundant in the total content (referring to subtype numbers and/or ARG abundances) rather than absence of other ARG mechanism categories. While the category of antibiotic target protection accounted for only approximately 5% of the total number of ARG subtypes, it accounted for 20%-51% of the total ARG abundances. The resistance mechanism categories of antibiotic target replacement and 'others' accounted for less than 5%, in terms of both subtype numbers and total ARG abundances. Information regarding the distribution of ARG resistance mechanisms in the human gut is very limited. A previous study investigated the ARG resistance mechanism categories for the pig gut and related environmental samples impacted by swine manures. Similar to the human gut, the numbers of ARG subtypes belonging to the antibiotic inactivation and antibiotic efflux mechanism categories also accounted for a majority of the total subtype numbers (approximately 70%) in swine manure (Zhu et al., 2013) . Iterestingly, the abundance ratios of the antibiotic target alteration category was significantly higher in Asian and European populations than that in North American and Latin American populations(Mann-Whitney test, P value 5 0.01). Moreover, the ARG subtypes carrying out antibiotic target protection had the highest abundance ratios in Canadian, American, German, Icelandic and Japanese people, whereas the abundance ratios of the antibiotic efflux category were highest in Latin American, Swedish and Austrian people. Notably, the antibiotic target alteration category is mainly comprised of MLS and vancomycin resistance types, and these two ARG types had relatively high abundance ratios only in Chinese, Japanese and European populations (Supporting Information Figs S1 and S2 ). In addition, the antibiotic target protection category mainly included tetracycline resistance type, and the antibiotic efflux category dominantly consisted of multidrug resistance type (Supporting Information Table S5 ). As shown in Supporting Information Figs S1 and S2, tetracycline resistance was more abundant in populations from Canada, United States, Germany, Iceland and Japan while multidrug resistance was more prevalent in Latin American individuals (Fig. 2) . These results could explain the distribution patterns of the ARG resistance mechanism categories in different populations.
Co-occurrence patterns between ARG subtypes and microbial taxa
In this study, 453 bacterial species were identified in the 180 samples, and they were subjected to NMDS analysis to demonstrate their grouping patterns among the samples (Supporting Information Fig. S6 ). Individuals from each country were grouped together with a few exceptions, and people in Japan were relatively less tightly clustered. The results were consistent with our current knowledge that human gut microbiota formation is deeply influenced by diet, and people from the same country usually have similar life styles (Yatsunenko et al., 2012; Rampelli et al., 2015) .
To determine whether the microbial phylogeny structured the antibiotic resistome, Procrustes analysis was performed based on the NMDS results of both the the ARG subtype and species abundance matrices (Supporting Information Fig. S7 ). The ARG subtypes had a significant correlation with the microbial community (M 2 5 0.3773, P 5 0.001), which suggested that the bacterial phylogeny might shape the ARG distribution in the human gut. A similar phenomenon was also reported in some other metagenomic studies associated with different environment types. For example, distinct soil types harboured distinct antibiotic resistomes, and the bacterial phylogeny structured the resistome composition in different soils across habitats (Forsberg et al., 2014) . Similarly, the defined core resistome in a wastewater treatment plant (WWTP) was unique to the WWTP environment, and less than 10% of the ARGs were detected in other environments (Munck et al., 2015) . Finally, the samples collected from latrines, soils, sewage, human and animal feces in the same community had resistomes that correlated well with the taxonomic composition of their corresponding microbiomes (Pehrsson et al., 2016) . Procrustes analysis provides insight into the overall correlations between ARGs and microbial phylogenetic community structure. However, this analysis cannot provide detailed information about correlations between specific ARG subtypes and specific microbial taxa. Cooccurrence patterns between ARG subtypes and bacterial taxa revealed by network analysis are useful to decipher their correlations with high resolution. Nonrandom cooccurrence patterns could be a way to track the potential hosts of ARGs in human feces and environmental settings (Li et al., 2015; Su et al., 2015; Pehrsson et al., 2016) . In other words, one of the reasonable explanations for nonrandom co-occurrence patterns is that specific microbial taxa host specific ARGs. The strong (q > 0.6) and significant (P value < 0.01) correlations between microbial taxa and ARG subtypes were shown in Supporting Information Table S6 and Fig. 5 . There were 104 nodes (including 24 bacterial species and 80 ARG subtypes) and 1128 edges (523 edges with internal-type co-occurrence, and 605 edges with external-type co-occurrence) in the network.
As shown in Supporting Information Table S6 , 12 bacterial species were speculated to be the possible hosts of 58 ARG subtypes based on the co-occurrence results. For instance, Escherichia coli was a potential host for 45 ARG subtypes, 30 of which were multidrug resistance genes (acrA, acrB, acrF, emrA, emrK, mdtA, mdtB, mexE, ompF, ompR, TolC, etc.) , with the balance being a beta-lactam resistance gene (class C beta-lactamase), two fosmidomycin resistance genes (rosA and rosB), a tetracycline resistance gene (tet34), a polymyxin resistance gene (arnA), an MLS resistance gene (macA) and some unclassified resistance genes. This was consistent with previous findings in different types of environments (Li et al., 2015) . Streptococcus salivarius and Streptococcus parasanguinis both potentially carried beta-lactam resistance subtypes (PBP-1B, PBP-2X and penA). Lachnospiraceae_bacterium_5_ 1_63FAA was predicted to harbour three ARG subtypes of bacitracin, tetracycline and vancomycin (bcrA, tetO and vanS). Oscillibacter unclassified, Akkermansia_muciniphila and Alistipes_putredinis were each predicted to carry two ARG subtypes, a beta-lactam resistance gene (class A betalactamase) and mexW, amrB and mexY, cmeB and mexW, respectively. All of the other species were speculated to carry a single ARG subtype. According to previous studies, Streptococcus salivarius (http://www.phac-aspc.gc.ca/lab-bio/res/ psds-ftss/streptococcus-salivarius-eng.php), Streptococcus parasanguinis, Bacteroides vulgatus, Bacteroides ovatus, Lachnospiraceae_bacterium_5_1_63FAA and Oscillibacter can be pathogenic bacteria that can cause diseases in humans and animals (Bamba et al., 1995; FernandezGarayzabal et al., 1998; Saitoh et al., 2002; Kameyama and Itoh, 2014; Sydenham et al., 2014) . Moreover, some strains of Escherichia coli were also shown to be pathogenic (Tauschek et al., 2002; Vogt and Dippold, 2005) . These ARG-carrying pathogens pose a high risk to human health because they can resist the antibiotics taken by humans. Therefore, intense attention should be paid to these bacteria to control or reduce the risk of therapeutic failure.
Notably, among the 12 potential ARG hosts, 9 species corresponding to 58 ARG subtypes have been verified in previous studies (Supporting Information Table S6 ), revealing that network analysis is a powerful and reasonable approach to provide new insights into ARGs and their potential hosts in complex environments. The high level of consistency between our results and previous studies provides a degree of confidence for the prediction of other novel potential ARG hosts. The corresponding cooccurrence relationships need to be further validated using other approaches, such as metagenomics assembly .
Experimental procedures

Dataset collection
One hundred eighty fecal metagenome datasets, including those from 39 Swedish, 31 Japanese, 23 Chinese, 18 Canadian, 16 Austrian, 15 Peruvian, 15 Salvadoran, 12 French, 8 American, 2 German and 1 Icelandic individuals, were downloaded from the National Center for Biotechnology Information (NCBI) Sequence Read Achieve (Leinonen et al., 2011) (SRA, http://www.ncbi.nlm.nih.gov/sra). All the 180 datasets derived from healthy individuals (definitely defined as 'healthy' in the source literatures) with a read length 90 bp. The detailed accession number information was summarized in Supporting Information Table S1 . The SRA format datasets were converted to fastq format using the fastq-dump module integrated in the NCBI SRA Toolkit (http://www.ncbi.nlm.nih. gov/Traces/sra/?view5software). The sample ID, sequencing platform, reads length, reads number, data size and accession numbers of each dataset were shown in Supporting Information Table S1 . The physiological information associated with the 180 individuals, including age, gender and health conditions, was extracted from the materials provided by the source literatures (Supporting Information Table S2 ).
Bioinformatics analysis
The online ARGs analysis pipeline we developed recently, that is, ARGs-OAP was applied to determine the ARG profiles of the human fecal metagenome datasets . The first step was prescreening of potential ARGs sequences from short reads instead of assembling contigs in metagenomic datasets using UBLAST on a local computer, followed Antibiotic resistome 363 by a second step in which ARGs were annotated and classified using BLASTX with the default parameters (25 aa, E-value of 1e-7, identity of 80%) after uploading identified potential ARGs sequences. The precision results were 0.950-0.986 at subtype level and 0.980-0.997 at type level using these default settings. It should be noted that while the performance of the online ARGs analysis pipeline is overall pretty good, precision may vary across different ARG types/ subtypes. ARG types/subtypes were identified and their abundances were calculated with normalization by the ARG reference sequence length, the number of 16S rRNA genes and the 16S rRNA gene sequence length. The core database of ARGs-OAP is SARG which comprises 24 ARG types and 1209 subtypes. For instance, 'sulfonamide resistance genes' is an ARG type, whereas 'sul1' is one subtype of the sulfonamide resistance genes.
MetaPhlAn2 (Segata et al., 2012) was used to quantify the composition of the microbial communities of the 180 faecal metagenome datasets. The abundance results at the species level for all of the samples were extracted and integrated into an abundance matrix, based on which nonmetric multidimensional scaling (NMDS) analysis was performed using the 'vegan' package in R environment to identify the similarities among the samples.
Similarity analysis of the samples based on ARG subtypes
To reflect the ARG clustering patterns of the samples, NMDS analysis was conducted based on the abundance matrix of the ARG subtypes using the 'vegan' package in R. Additionally, the ARG subtypes present in at least 60% of the 180 samples were defined as ubiquitous ARGs. The abundance matrixes of the ubiquitous subtypes were visually displayed in heatmaps using the 'pheatmap' package in R.
Identification of discriminative ARGs
The online version of LEfSe analysis (http://huttenhower.sph. harvard.edu/galaxy) was used to identify discriminative ARG types and subtypes between countries (Segata et al., 2011) . The alpha value for the factorial Kruskal-Wallis test and the pairwise Wilcoxon test was 0.05. The all-against-all comparison was selected as the strategy for multiclass analysis and the threshold on the linear discriminant analysis (LDA) score was set at 4.0 (Pehrsson et al., 2016) . P values of the discriminative ARGs were subjected to false discovery rate (FDR) correction following the Benjamini-Hochberg method to estimate the chance of reporting a false-positive result (Audic and Claverie, 1997; Benjamini and Yekutieli, 2001 ). Significance was determined by using the q value of 0.05 which suggests that significant results have a less than 5% chance of being false-positive. The LEfSe analysis focused on the detection of the discriminative ARGs between China and other countries except for Iceland (n 5 1) and Germany (n 5 2) due to their small sample sizes.
Distribution of the ARG resistance mechanisms in different countries
We assigned the ARGs detected in the human gut microbiota into different mechanism categories classified by the CARD database (McArthur et al., 2013) . Notably, the 21 unassigned subtypes were named 'others' in this study. The abundances of each mechanism category in the 180 samples were calculated by summing the abundances of the ARG subtypes belonging to the corresponding resistance mechanism category.
Procrustes analysis
The NMDS results of the ARG subtype matrix and the species level matrix were compared using the Procrustes function that is integrated in the 'vegan' package of R. The significance was verified using the protest function to compare the M 2 values with 999 permutations. The M 2 value is the sum of the squared distances between matched sample pairs. The P value was obtained by recalculating the M 2 value and comparing the original M 2 value with the simulated distribution. A significant correlation between an antibiotic resistome profile and a bacterial species profile was confirmed if the P value was less than 0.05 (Forsberg et al., 2014) .
Network analysis
Network analyses were conducted in R environment using the 'vegan', 'igraph' and 'Hmisc' packages. Network visualization was realized on the interactive Gephi platform (https://gephi. org/). To visualize the correlations in the network interface, a correlation matrix was obtained by calculating all possible pairwise Spearman's rank correlations between the 112 ARG subtypes and the 60 bacterial species that occurred in at least 90 of the 180 total samples, that is, occurrence frequency 50%. This preliminary screening step via occurrence frequency removed poorly represented ARG subtypes or bacterial species that occurred in a minority of the samples, therefore eliminating an artificial association bias (Li et al., 2015) . A correlation between two items was considered to be statistically robust if the Spearman's correlation coefficient (q) was > 0.6, and the P value was < 0.01 (Hu et al., 2016) . Additionally, the P values were adjusted with a multiple testing correction using the Benjamini-Hochberg method to decrease potential false-positive results (Benjamini and Hochberg, 1995) .
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Supporting information
Additional Supporting Information may be found in the online version of this article at the publisher's web-site: Fig. S1 . Histogram of the average abundances of the ARG types (ARG copies per copy of 16S rRNA gene) in samples from the same country. Different colours represent different ARG types. Fig. S2 . Comparison of the relative abundances of the ARG types in different populations with the total number normalized to 100%. Different colours represent different ARG types. Fig. S3 . Abundances of the 217 top five most abundant ARG subtypes in each sample. Each row represents an ARG subtype and each column represents a sample. Fig. S4 . LDA score distribution of the discriminative ARGs between faecal samples in Chinese individuals and those from other countries. The discriminatory ARGs are coloured by country. The LDA effect size threshold was set at 4.0. The inner circles represent the ARG types while the outer circles represent the subtypes. Fig. S5 . Detection statistics of the ARG resistance mechanism categories in the 11 different countries: the column indicates the abundance of ARGs belonging to the 5 different resistance mechanism categories; the vertical pie indicates the abundance ratio of each resistance mechanism category; and the horizontal pie indicates the number of subtypes belonging to each resistance mechanism category. Fig. S6 . Plot of the NMDS results demonstrating the similarities in taxonomic composition among the 180 fecal samples based on the species-level profile. The samples from the 11 countries are plotted with different labels, as displayed in the figure legend. Fig. S7 . Procrustes analysis results of the ARG composition and microbial taxonomy (M 2 5 0.3773, P 5 0.001, 999 permutations). Each number (1-180) represents a sample. Detailed information is shown in Table S1 . Table S1 . Basic information for the 180 collected datasets. See additional Excel file Table S1 . Table S2 . Physiological information for the 180 healthy indivuduals whose datasets were used in this study. See additional Excel file Table S2 . Table S3 . Mann-Whitney test of the total ARG abundances in populations from the 11 countries examined (P value). Table S4 . False discovery rate (FDR) correction of the LEfSe results. See additional Excel file Table S4 . Table S5 . Distribution of the antibiotic resistance mechanisms in each dataset. See additional Excel file Table S5 . Table S6 . ARG hosts indicated by co-occurrence patterns between microbial taxa and ARG subtypes.
